Direct solar absorption has been often considered in the past as a possible solution for solar thermal collectors for residential and small commercial applications. A direct absorption could indeed improve the performance of solar collectors by skipping one step of the heat transfer mechanism in standard devices and having a more convenient temperature distribution inside the collector.
Introduction
The interest in nanofluids, i.e fluids with suspended nanoparticles, has largely increased in the last years, thanks to their advantageous features compared to those of the base fluid. Different physical properties of nanofluids have been investigated in the literature according to the intended application and many nanoparticles have been considered, including metals [1] [2] [3] , non-metals [4] [5] [6] [7] , carbon nanoparticles [8] [9] [10] and hybrid structures [11, 12] . Single-wall carbon nanohorns (SWCNHs) belong to the family of carbon nanostructures. They consist of a single graphenic layer wrapped into an irregular tubule with a variable diameter of 2-5 nm, a length of 30-50 nm and a conical tip [13] [14] [15] [16] .
They typically assemble to form roughly spherical aggregates with 100-120 nm diameters [16] .
Potential applications of SWCNHs are many and include fuel cells [17] , gas storage [18, 19] , drug delivery or gene therapy [20, 21] and solar energy exploitation [22, 23] .
Surface solar absorbers are typically used for civil applications to heat up fluids such as water, air or mixtures of water and antifreeze additives. This family of absorber architecture is thus used in systems with different configurations and technologies among which the flat plate collectors have been used on a very large scale. However, the energy efficiency of flat plat collectors drops under low irradiance and cold conditions. To have higher energy performance in those conditions, evacuated tube collectors are considered as an important alternative. They are characterized by a vacuum space at the annular region between absorber tube and cover, so that convection and conduction losses are reduced and the collector can reach higher temperatures. In evacuated tube collectors solar energy is harvested using a selective absorber on the outer surface of the inner tube.
Selective absorbers have a high absorbance at the wavelengths of the solar spectrum and a low emittance for longer wavelength radiation, thus limiting radiation losses [24, 25] .
Even if the low emissivity of these selective absorbers reduces thermal radiation, significant thermal losses can be observed at high temperature gradients, due to the quartic dependence of the radiation on the absorber temperature. Moreover, these selective surfaces typically suffer from the lack of stability at higher temperatures and, although selective surfaces are likely to be used in evacuated environments, their coatings need to be stable in air in case the vacuum is breached [26] . Finally, for non-evacuated tubes, additional thermal losses occur due to the non-linear dependence of natural convection on temperature.
Direct absorption of solar radiation through the volume by a black fluid [27] or gas-particle suspensions [28, 29] introduces an alternative to surface absorption. The use of volumetric absorption Paper published on: Journal of Nanoscience and Nanotechnology, vol. 15, pp. 3488-3495 (2015) DOI: 10.1166 DOI: 10. /jnn.2015 decreases the surface temperature, arising in a lower thermal loss with respect to the surface absorption scheme.
Recently, Tyagi et al. [30] numerically investigated the effects of different parameters on the efficiency of a nanofluid direct absorption collector, while Otanicar et al. [31] investigated from both the experimental and numerical perspectives the effects of nanofluids containing different nanoparticles (carbon nanotubes, graphite and silver) on the performance of a micro-channel direct absorption solar collector. We recently studied the photonic properties of nanofluids based on SWCNHs for direct sunlight absorbers [22, [32] [33] , showing that SWCNHs improve the optical properties of base fluids, with a significant increase of the light extinction level even at very low nanoparticle concentrations and the suspensions are verified to be very stable. Lenert and Wang [34] investigated, by one-dimensional numerical modeling and experimental work, the potential of nanofluid volumetric receivers for high solar flux and high temperature solar thermal applications.
In this paper, we present a three-dimensional model to study the application of SWCNH-based nanofluid in a cylindrical tube collector. The anisotropic nature of cylindrical tube collectors yields angularly dependent optical efficiencies [35] . Water and ethylene glycol are considered as representative of typical heat transfer fluids, and the effect of the nanoparticle concentration on collector performances is investigated as well.
Numerical investigations

Modelling methods and configurations
A three-dimensional numerical simulation of the nanofluid-based solar receiver is performed by using the commercial CFD software FLUENT™ combined with a user defined function (UDF), developed in order to include radiation absorption and transmittance of the glass in the modelling.
Numerical modelling is performed for single tube receiver without insulation, in the presence of natural convection and forced convection.
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Governing Equations
The fluid flow is laminar even in case of maximum inlet velocity (maximum Reynolds number is in the order of 330). Hence the mathematical model governing the flow velocity and temperature field under the stationary state assumption is given by the following continuity equation, namely
entum equation,
where the stress tensor reads: mom and energy equation,
hile , , , , , , represent the fluid density and pressure, gravity acceleration, thermal tion w conductivity, heat source due to radiation, specific enthalpy and dynamic viscosity, respectively.
In order to compute the source term in the energy equation, the Radiative Transport Equa (RTE) for the total radiation intensity (integrated over wavelengths) must be considered first
is the specific radiative intensity, is the black body radiation, is the unit vector for the where generic direction, is the coordinate along the previous direction, is the mean emission coefficient, is the mean scattering coefficient, is the phase function and is the mean 
where is the spectral intensity of the radiation entering the fluid and is obtained by
with being the spectral transmittance of the tube wall. The generic RTE equation takes into account the absorption, emission and scattering of light as it passes through the fluid. Hence, the amount of power absorbed by the cell volume is obtained by:
.
Neglecting the emission term, i.e. assuming , the previous volumetric power source term becomes .
Neglecting also the scattering term, i.e. assuming also , the local radiation intensity can be obtained using Beer-Lambert law, which is a solution to the RTE equation (5) for ,
where is the sun's irradiance (assumed to be 1000 W/m 2 ), the medium adsorption coefficient and the total radiation intensity passing through the glass .
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Heat loss analysis
To compute the overall heat loss coefficient, we consider the following non-symmetric setup:
1. the external radiation temperatures at the upper and lower halves of the collector are different;
2. in the case of natural convection, the heat transfer coefficient depends on the surface temperature and its value is different for the upper and lower half of the collector, due to a considerable difference in their temperatures.
Therefore, the collector is divided into two parts (upper and lower half), with the convective heat transfer coefficient being calculated separately for each half. The tube containing the nanofluid is in direct contact with the surrounding. Heat losses are due to both convection to the ambient and thermal radiation from the upper half to the sky and from the lower half to the roof.
The computation of convective heat losses is performed assuming the presence of wind with speed of 5 m/s while the convective heat transfer coefficient is constant with temperature. Moreover, when natural convection is dominant, the coefficient is assumed temperature dependent and it is calculated by the following empirical relation valid for horizontal cylinders [36] : ,
Here, is the outer tube diameter, is the nusselt number, Pr is the prantdl number, is the thermal conductivity of air and is the Rayleigh number. All quantities are evaluated at the mean temperature between the outer surface and the ambient temperature.
Radiation losses are split into two parts:
• From the lower half of the cylinder exchanging heat with the roof in thermal equilibrium with the ambient ( =288.15 K);
• From the upper half of the roof exchanging heat with the sky.
A simple correlation has been used to estimate the apparent sky-temperature [37] .
In Figure 2 we report a pictorial representation of the heat losses from the single tube solar collector to the ambient. 
Irradiation UDF
In order to compute the local volumetric energy source in eq. 
Geometry and Grid Generation
The geometry was chosen on the basis of a typical evacuated solar collector, with 1. Figure 4 . We found that for a number of mesh intervals (i.e. shells discretizing the tube cross section) of 50 the error is fairly low (below 1%). 
Experimental study and simulation of optical properties
Optical properties of nanofluids
Optical transmittance spectra at room temperature is measured using a double-beam UV-VIS spectrophotometer (PerkinElmer Lambda900). The nanofluid is held in 10-mm path length quartz cuvettes. For a more meaningful characterization of nanofluids, the transmittance of the pure base fluids (water or ethylene glycol) is also measured as a reference. The acquired transmittance spectra are corrected for the reflectance term according to the formalism developed in Ref. [38] . The absorption coefficient is obtained from measurements keeping into account the light scattering albedo, as detailed in Ref [32] . 
Label
Optical losses simulation
To give a realistic assessment of the potential of the direct absorption nanofluid solar collector, optical losses occurring when sunlight hits a thin transparent tube have been calculated. We considered in our calculations a low-cost borosilicate glass (BK7), as borosilicate glasses are the typical tube materials of evacuated tube solar collectors.
Optical losses simulations have been performed using the Zemax TM ray-tracing software in nonsequential mode, tracing 10 million rays. For the input light, we considered a source with sunlight spectrum [39] and sunlight 0.27° half-angle divergence [40] . The geometrical model we used for the tube is a simple cylinder with 47 mm inner diameter and 1.6 mm wall thickness. Sunlight hits the pipe perpendicularly to its longitudinal axis. The obtained irradiance on the tube inner surface has been used as input light for the nanofluid calculations described in the next sections. and, therefore, the heat losses to the environment increase as well. The increase of the surface temperature due to the increased nanoparticle concentration can be observed in Figure 7 . 
Results and discussion
Nanofluid concentration
Comparison between water-based and glycol-based nanofluids
As shown by the spectra in Figure 5 , the attenuation of sunlight in pure water is higher than in pure glycol, which results in slightly higher absorption coefficient of water-based nanofluids with respect to glycol-based nanofluids. However in solar thermal collectors, in order to prevent the fluid freezing and sometimes to achieve higher outlet temperatures, water is often replaced by glycol or water/glycol mixtures, because of the lower specific heat capacity of glycol itself. Furthermore, thanks to the higher glycol boiling point, it can be used in higher temperature systems and in solar collectors with higher sunlight concentration ratio. Figure 8 compares the efficiency of glycol-based and water-based samples, at the same nanoparticle concentration of 0.02 g/l. It can be seen that the efficiency of the water-based nanofluid is higher, which happens because of the lower heat losses due to the lower surface temperature. However, it can be seen in Figure 9 that higher outlet temperatures can be achieved using glycol for any flow rate. The evolution of the temperature along the pipe for sample A4 can be seen in Figure 14 . 
Conclusions
Novel direct absorption solar collectors (DASCs) using carbon nanohorn-based nanofluids have been 
